Background--Despite the epidemic rise in obesity, few studies have evaluated the effect of obesity on cost following cardiac surgery. We hypothesized that increasing body mass index (BMI) is associated with worse risk-adjusted outcomes and higher cost.
O besity is increasing in prevalence throughout the world, producing significant repercussions in cardiovascular disease morbidity, mortality, and healthcare costs. [1] [2] [3] [4] [5] Consequently, obese patients frequently present for cardiac surgery, and surgery in morbidly obese patients has become common. 6, 7 Few studies have evaluated the effect of obesity on outcomes and resource utilization following cardiac surgery. Some studies have found that obese patients have higher incidence of morbidity and mortality after coronary artery bypass grafting (CABG). 8, 9 Conversely, other studies have concluded that obesity does not adversely affect morbidity or mortality of patients after CABG and a few studies found an inverse relationship between obesity and adverse outcomes, which is referred to as the "obesity paradox." 10, 11 Many prior studies were limited to single-center data with limited sample sizes. Moreover, all prior studies evaluated outcome by categorization of patients based on body mass index (BMI) or weight strata, which may have affected results. 12 Furthermore, the cost of obesity on the healthcare system is enormous. It is estimated that medical costs secondary to obesity-related illness exceed $150 billion per year to Medicare alone. 13 Although there are some data on resource utilization for surgery in obese patients, very few are specific to cardiac surgery. The relationship of obesity to resource utilization after cardiac surgery is important to define for appropriate resource allocation.
In this study, we evaluated the effect of BMI on riskadjusted morbidity, mortality, and resource utilization in a large multi-institutional regional cohort. We hypothesized that increasing BMI is associated with worse risk-adjusted outcomes and higher cost.
Methods
The Virginia Cardiac Surgery Quality Initiative (VCSQI) is a collaborative group of 18 different cardiac surgical centers within the Commonwealth of Virginia. Collectively, the VCSQI centers perform %99% of the Commonwealth's cardiac operations. Each center individually contributes patient data to the national Society of Thoracic Surgeons (STS) Adult Cardiac Surgery Database. The purpose of this study was 2-fold: (1) to study the impact of BMI on outcomes of cardiac surgery and (2) to then determine the impact of BMI on postoperative complications, hospital resource utilization, and risk-adjusted costs. This investigation was exempt from institutional review board review at each participating center because of its deidentified nature as a quality database and because of the absence of Health Insurance Portability and Accountability Act patient identifiers.
Patients and Data Acquisition
Deidentified patient records were obtained from the VCSQI database for the study period 2010-2012 for all patients (n=17 483) who underwent cardiac surgery. We excluded patients (n=5595) who did not have a STS predicted risk of operative mortality (PROM) to allow for risk-adjusted comparison. STS PROM scores were available on all patients who underwent the following: isolated CABG, aortic valve replacement (AVR), mitral valve replacement (MVR), and combined CABG and valve replacement (CABG+AVR/MVR) as defined by the STS procedure-type algorithm. Thus, patients who underwent tricuspid valve surgery, aortic surgery, mechanical circulatory support, or heart transplantation were excluded. Patient preoperative, operative, and postoperative variables were retrieved from the VCSQI database for each patient. STS predicted risk of morbidity or mortality and PROM were individually calculated. Standardized STS definitions for preoperative comorbidities such as hypertension, diabetes mellitus (DM), chronic lung disease, cerebrovascular accident, and congestive heart failure (CHF) were utilized.
14 Left ventricular ejection fraction and pulmonary artery systolic pressure were extracted from the VCSQI database from patients with available hemodynamic data. Patients were then stratified by BMI, utilizing World Health Organization definitions of obesity: Underweight (BMI <18.5), Normal (BMI 18.5-24.5), Overweight (BMI 25-29.9), Obese (BMI 30-39.9), and Morbidly Obese (BMI ≥40).
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Cost Data and Acquisition
The VCSQI data registry combines standardized clinical data extracted from the STS data entry forms with hospital inpatient discharge financial data. Hospital inpatient data from Universal Billing (UB-04) files are matched with each STS patient record. By the use of hospital-specific cost-to-charge ratios, estimated hospital costs are determined with previously described methods. 14, 16, 17 VCSQI maintains a 99% matching rate between STS patient records and billing data. All cost data are reported in U.S. dollars at the time of the surgery. As costs were not compared over time, costs were not adjusted for inflation.
Measured Outcomes
The primary outcomes were frequency of postoperative complications, length of stay, operative mortality, and total hospital cost. Standardized STS adult cardiac surgery database definitions for intraoperative and postoperative factors were used for this study. 
Risk-adjusted regression models
Multilevel, mixed effects regression models were first used to estimate confounder-adjusted associations between the probability of outcomes and patient BMI. Patient BMI was modeled as a continuous function using restricted cubic spline (RCS) smoothing transformations to account for both linear and nonlinear associations with outcomes rather than including categories of BMI (eg, normal, overweight, obese, or morbidly obese) in the regression analyses. RCS functions are beneficial because they utilize all data points to estimate the shape of the relationship between an exposure (eg, BMI) and an outcome (eg, operative mortality), whereas categories of BMI assume an identical relationship between the exposure and the outcome across the range of values included in each category. The use of RCS transformations, therefore, provides a more robust method to determine whether nonlinear relationships exist between a continuous variable and a dependent outcome. Use of RCS forces the tails of a function to be linear, which simplifies the representation. For RCS functions, continuous variables were analyzed using a total of 3 knots placed at standard 5th, 50th, and 95th percentiles to define the tails of each function. Individual hospital was entered as a random effect within each model to account for clustering of correlated events occurring within institutions. The predicted association between BMI and outcomes or cost was adjusted for the confounding effects of preoperative patient risk profile through inclusion of individual, calculated STS PROM scores for each patient. Inclusion of the STS PROM to adjust for preoperative patient risk utilizes a validated risk assessment score that is embraced and accepted by the STS and has been demonstrated to provide effective mortality and morbidity risk adjustment in cardiothoracic surgery literature. 17, 18 In addition to STS PROM, age, sex, presence of hypertension, DM, renal failure, and heart failure were included as additional covariates. The risk-adjusted RCS function for BMI versus the probability of patient outcomes was graphically represented in order to identify apparent threshold values (or inflection point) for patient BMI that correlated with an increase or decrease in the likelihood of each predicted outcome or cost. Regression model performance was assessed using the C statistic and the Nagelk- 
Operative Characteristics
Operative characteristics for each BMI strata are presented in Table 2 . Operations in this cohort included isolated CABG (n=9702; 70.5%), AVR (n=1535; 11.2%) or MVR (n=837; 6.1%) valve surgery, or combined valve-CABG (n=1663; 12.1%). In all strata, CABG was the most common operation, followed by AVR. There was no significant difference in median cardiopulmonary bypass or aortic cross-clamp time between BMI strata. Obese and morbidly obese patients less commonly received intraoperative blood products (22% and 23%, respectively, versus 28%; P<0.05) compared to normal weight patients. 
Unadjusted Outcomes
Unadjusted operative outcomes for each BMI strata are presented in Table 3 . There were no significant differences in rates of stroke, atrial fibrillation, or MI across BMI strata. 
Risk-Adjusted Outcomes
Risk-adjusted morbidity and mortality across BMI utilizing the cubic spline modeling are demonstrated in Figures 1 and 2 .
The risk-adjusted probability of major morbidity increased with increasing BMI in monotonic fashion, indicating that BMI is an independent risk factor for increased morbidity. Similarly, the probability of mortality overall increased with increasing BMI; however, the relationship was nonmonotonic, as mortality did not consistently increase with increasing BMI. There was a slight decrease in operative mortality probability in overweight patients, but operative mortality probability 
Cost
Total hospital cost for each BMI strata are shown in Table 3 . Morbidly obese patients had higher median total hospital costs compared to normal weight patients ($39 684 versus $35 866). The relationship of BMI to total hospital cost is shown in Figure 3 . After risk adjustment, total hospital cost has an increasing relationship with BMI. By utilizing the slope of the relationship of BMI and cost, we observed a $426 increase in total cost of hospitalization for each unit increase in BMI.
Discussion
Obese and morbidly obese patients frequently undergo cardiac surgery. In a contemporary multi-institutional regional cohort of 13 637 patients, we found that after adjusting for preoperative risk, higher BMI adversely affects outcomes and resource utilization following cardiac surgery. Although higher BMI patients had more preoperative comorbidities, including DM, hypertension, and CHF, the STS PROM was lower in obese patients and equivalent in morbidly obese patients to normal weight patients in part due to their younger age. Obese and morbidly obese patients, however, incurred greater morbidity, including prolonged ventilation, pneumonia, DSWI, and renal failure. Consequently, higher BMI was associated with longer intensive care unit and hospital lengths of stay and higher hospital costs. After adjusting for risk, a linear relationship of BMI to major morbidity was observed ( Figure 1 ). Although obese patients had similar observed mortality to normal weight patients, risk-adjusted mortality increased with a BMI ≥30 (Figure 2 ). After risk adjustment, morbidly obese patients had 1.57 increased odds for mortality compared to normal weight patients. In addition, risk-adjusted total hospital cost was 17.2% higher ($36 584 for BMI 20 versus $42 866 for BMI 40; P<0.05) in Journal of the American Heart Association morbidly obese patients. After adjusting for risk, a significant association between BMI and total hospital cost was identified ( Figure 3 ). Few studies have evaluated outcomes and cost of cardiac surgery in the obese and morbidly obese patient population. In a study of the STS database from 1997 to 2000, Prabhakar and colleagues found that moderate obesity (BMI >35) and morbid obesity (BMI >40) had 1.21 and 1.58 odds of higher operative mortality after CABG. 7 A number of studies, however, have demonstrated an "obesity paradox," indicating a similar or lower mortality in obese patients compared to normal weight patients. 10, 11, 19 The contradictory findings in many prior studies may be secondary to differences in patient cohorts, risk stratification, and arbitrary BMI categorization. In this study, we evaluate a large multi-institutional cohort of patients and utilize the STS PROM to risk stratify patients. 12, 20 In this study, we utilized a cubic spline analysis to evaluate the association of BMI to riskadjusted outcomes and cost. Using these techniques, there is a clear association of increased operative mortality with increasing BMI, refuting the "obesity paradox" for operative outcomes. Although this study is focused on operative outcomes, BMI clearly affects long-term outcomes. In a large study of 1.46 million white adults in America, Berrington de Gonzalez and colleagues showed that obesity is associated with greater all-cause mortality, with lowest mortality in people with normal BMI. 5 Obesity is implicated in the pathogenesis of cardiovascular disease, including development of hypertension, CHF, DM, coronary artery disease, and peripheral vascular disease. In Framingham Heart Study participants, for every 1-unit increase in BMI, the risk of development of CHF increased by 5%. 21 Although obesity increases risk for development of cardiovascular disease, there are several studies that show that obese patients have a more favorable prognosis and improved survival compared with normal weight individuals. 10, 19 A number of theories have been proposed to explain this finding, including cytokine and neuroendocrine profiles, renin-angiotensin responses, and differences in the pathogenesis of cardiovascular in obese versus nonobese patients. 22 Thus, the "obesity paradox" may exist in longer-term outcomes following cardiac surgery, such that overweight and obese patients may indeed have improved survival, but patients at the extreme ends of weight appear to have worse survival. Our study shows that increased BMI significantly increases probability of major postoperative morbidity, specifically DSWI, acute renal failure, prolonged ventilation, and pneumonia. Mediastinitis after cardiac surgery is reported in 0.9 to 1.3% of patients, but carries high mortality. [23] [24] [25] [26] Our study showed that morbidly obese patients had a nearly 6.5-fold increase in DSWI rates compared to normal weight patients. Because they are at increased risk for sternal dehiscence, additional attention to sternal closure is warranted. 27 In addition, the use of wound vacuum assisted closure to manage edema and incisional drainage may be helpful to reduce DSWI in morbidly obese patients. 28, 29 Prior studies have also found an increased risk of acute kidney injury in obese patients following cardiac surgery. 30, 31 The etiology of postoperative acute kidney injury in obesity is unclear and may be secondary to chronic inflammation, alterations of the renin-angiotensin-aldosterone system, and the increased incidence of comorbidities such as hypertension and DM. [32] [33] [34] Our study also showed that morbidly obese patients have a 2.0-fold increase in acute kidney injury compared with normal weight patients. Further understanding of the molecular basis to find the association is critical to design preventive strategies. We prefer that an aggressive hemodynamic optimization by volume expansion be done in obese and morbidly obese patients undergoing cardiac surgery. 35 Obese patients are at increased risk of prolonged ventilation and pneumonia. 36 Obese patients are considered more likely to have a low respiratory reserve with a ventilation/perfusion mismatch and decreased functional residual capacity. Impaired respiratory function could be attributable to slow release of anesthetic agents stored in fatty tissues into the bloodstream. Several perioperative strategies were considered to be effective in preventing pneumonia in obese patients undergoing cardiac surgery. Perioperative physiotherapy was found to decrease the prevalence of postoperative pneumonia in high-risk patients and is strongly recommended by some studies. 37, 38 Use of anesthetic agents that are more rapidly eliminated may reduce length of respiratory support duration and can prevent development of ventilator-associated pneumonia in obese patients. 39 In this study, obesity was a protective factor for bleeding, as obese patients were less likely to receive blood products. Similar findings have been reported in prior studies. 40 Obese individuals have abundant mediastinal fat and large abdominal pressure, which may lead to increased intrathoracic pressure that compresses sites of minor bleeding. In addition, less hemodilution in obese patients may also contribute to lower risk of postoperative bleeding. Thus, obese patients have significantly lower risk of surgical reintervention because of bleeding than nonobese patients.
Prior studies have shown higher mortality, composite morbidity, and increased cost of hospitalization in underweight patients (BMI <18.5). To our knowledge, no prior study has evaluated the impact of BMI on cost of cardiac surgery. St Julien and colleagues studied the association between the BMI and cost of operation in 19 337 undergoing lobectomy for primary lung cancer. 41 They found that increase in BMI is associated with increased total operating room time, regardless of institutional experience with obese patients. In general, obese patients tend to have a longer operation time and higher resource utilization. Hawn and colleagues found that in 1375 patients undergoing cholecystectomy, unilateral mastectomy, and colectomy, obese patients have a significantly longer operation time. 42 Similarly, Kremers and colleagues found that obesity is associated with longer hospital stays and higher cost following orthopedic surgery. 43 The effect of cost appeared to be independent of obesity-related comorbid conditions and complications. Our study showed that there was an increase in total hospital cost and increased healthcare resource allocation necessary to treat morbidly obese patients who are candidates for cardiac surgery. Utilizing the cubic spline analysis, we found that there is a $426 increase in total cost of hospitalization for each unit increase in BMI. This additional cost may be accounted for by increased operative time, anesthesia costs, length of stay, and cost to care for pulmonary, renal, and DSWI complications. LaPar and colleagues found that after adjusting for preoperative risk, postoperative complications of pneumonia and DSWI increase total hospital costs by $50 025 and $56 003, respectively, following CABG. 18 This study has several important limitations. The reported results are limited to a description of the observed associations between postoperative complications and hospital resource utilization and costs without assessing a direct cause-and-effect relationship. In addition, all analyses were limited to short-term operative outcomes, and intermediate or long-term follow-up data were not available. In this study, we utilized the STS PROM and well-known cardiovascular comorbidities for risk adjustment. The STS PROM is the most widely utilized and validated risk measure in cardiac surgery.
The potential impact of unmeasured confounders not included in the STS PROM (such as pulmonary hypertension or liver dysfunction) could have affected model performance. Many of these confounders are not captured in the VCSQI or STS database, which may bias our results. In addition, this study included only patients who underwent operations with defined STS PROM scores and may not be fully descriptive of patients who undergo cardiac operations without STS risk scores (such as tricuspid valve or aortic surgery). Determination of cost remains a challenge in health care. We utilized individual hospital cost-charge ratios to estimate total in-hospital costs for each patient and have found this methodology to be the best estimate of the costs associated with the delivery of cardiac surgical care in the Commonwealth of Virginia. Cost data were limited to total in-hospital costs. Additional factors, such as rehabilitation cost and home health care, were not included in the cost analysis. Including these healthcare costs may have increased overall cost in the morbidly obese patient population. In addition, cost data were limited to total cost, so individual drivers of increased cost (ie, operative cost, intensive care unit care, etc) could not be evaluated.
Conclusions
This study found that higher BMI is associated with increased mortality, major morbidity, and cost for hospital care. As such, BMI should be more heavily considered in risk assessment. Prior studies that have identified an "obesity paradox" with better operative outcomes in obese patients may have been biased by sample size, lack of risk adjustment, and arbitrary BMI stratification. Additional measures to prevent DSWI, prolonged ventilation, and renal failure in the morbidly obese should be further evaluated. Finally, these data should be considered when advocating for greater reimbursement for cardiac surgery in the morbidly obese.
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